2-or N availability was adequate, differences among fl avor compounds were small. Results indicated that S fertility had a greater infl uence on trans-S-1-propenyl-L-cysteine sulfoxide (1-PRENCSO) accumulation, while N availability had a greater infl uence on S-methyl-L-cysteine sulfoxide levels. Flavor precursors remaining in the onion macerates revealed that the percentage of intact precursors hydrolyzed by alliinase were not signifi cantly infl uenced by either SO 4 2-or N levels in the solutions, except for 1-PRENCSO, which was affected by N levels. Nitrogen and S fertility interacted to infl uence the fl avor biosynthetic pathway and may need to be considered together when manipulating onion fl avor compounds.
Onions (Allium cepa L.), have been cultivated since antiquity primarily for their fl avoring properties. Onion fl avor is dominated by the presence of organosulfur compounds, in particular the Salk(en)yl-L-cysteine-sulfoxides (ACSO). During consumption onion vacuoles lyse allowing the enzyme alliinase to hydrolyze the individual ACSOs in the bulb, giving rise to the compounds responsible for onionʼs characteristic fl avor and aroma. As such, onions accumulate large quantities of sulfur (S). Randle (1992) reported bulb S concentrations in excess of 1% on a dry weight basis in plants grown with high S fertility. Much of the S taken up by onions is partitioned into organosulfur compounds as part of the fl avor biosynthetic pathway. Randle et al. (1995) reported that up to 95% of the organically bound S in onion bulbs grown with low S fertility could be accounted for in compounds from the fl avor biosynthetic pathway.
Sulfur enters the plant actively as sulfate (SO 4 2-). Sulfate is transported to the leaves, where it can be stored in the vacuole or be reduced to sulfi de and assimilated into cysteine in the chloroplast (Hell, 1997) . Cysteine is quickly incorporated into proteins or used in the synthesis of methionine and glutathione (Leustek et al., 2000) . In onion, cysteine and glutathione serve as precursors to several gamma-glutamyl peptides (γGP), which are used in the fl avor biosynthetic pathway (Randle and Lancaster, 2002) .
Because the ACSOs and their breakdown products are organosulfur compounds, S fertility has been thoroughly investigated as a means of altering onion fl avor. Onion pungency increased in response to enhanced S fertility (Freeman and Mossadeghi, 1970; Hamilton et al., 1997; Randle 1992; Randle and Bussard, 1993) . Changes in S fertility also resulted in alterations in the concentration and composition of the ACSOs in onion, which ultimately could infl uence fl avor quality in the bulb (Randle et al., 1995) . As a result it is generally accepted that S fertility is a primary factor by which one can greatly alter onion fl avor. The infl uence of most other mineral nutrients on onion fl avor are less understood.
Most investigations on the effects of N fertility and onion have focused on developmental and yield aspects (Brewster and Butler, 1989; Brown et al., 1988; Drost et al., 2002; Hussaini et al., 2000) . However, Randle (2000) reported that very high levels of nitrogen (N) could infl uence onion pungency as well as the composition of ACSOs in the bulb. Additionally, N form in a hydroponic solution was shown to affect onion pungency (Gamiely et al., 1991) . Because high-N fertility has affected onion fl avor, further inquiries using lower N levels are warranted.
Several investigations have shown a relationship between nitrate (NO 3 -) and SO 4 2-reduction in plants. A 50% to 70% decrease in adenosine 5ʼ-phosphosulfate reductase (APR), a key enzyme in SO 4 2-assimilation, in response to the absence of N fertility in Arabidopsis thaliana was reported (Koprivova et al. 2000) . Decreases in APR as well as adenosine triphosphate sulfurylase were also observed in Lemna minor when plants were exposed to decreasing NO 3 -levels (Brunold and Suter, 1984) . Restricted NO 3 -fertility repressed another enzyme, ferredoxin-sulfi te reductase, in the SO 4 2-reduction pathway in leek (A. tuberosum) (Takahashi et al., 1996) . Sulfur and N fertility interacted to infl uence S values in Brassica napus, a high-S accumulating plant (Pinkerton, 1998) . Additionally, S deprivation reduced NO 3 -uptake in curly kale (B. oleracea L.) (Stuiver et al., 1997) .
Our purpose was to investigate the interaction of varying levels of N and S availability on the fl avor biosynthetic pathway in onion. Previous investigations reported on either N or S alone, with no chance to observe possible interactions.
Materials and Methods
PLANT CULTURE. On 25 Jan. 2002, 'Granex 33ʼ onions (Asgrow Seeds, Kalamazoo, Mich.) were seeded into sheets of 16.4 cm 3 rock-wool cubes (Grodan, Hedenhusene, Denmark). Seedlings were fertilized twice weekly with a full strength Hoaglandʼs #2 nutrient solution and watered as needed (Hoagland and Arnon, 1950) . Seedlings were greenhouse grown at day/night setpoints of 25/18 o C under natural photoperiods (≈34 o N latitude) for 5 weeks. Radiant fl ux as measured at noon on a clear sunny day was 1230 µmol·m -2 ·s -1 . Seedlings received two applications of metalaxyl (Ridomil; Syngenta, Greensboro, N.C.) at 2 and 4 weeks of age. On 3 Mar. 2002 plants were transferred to 37.9-L plastic containers (Rubbermaid, Inc., Wooster, Ohio). Ten plants were placed in 2.54 cm diameter holes spaced 10 × 16 cm on the container lids. Each container was brought to 28 L with deionized water and nutrient salts were added. The study was a three × four factorial design, with three SO 4 2-treatment levels and four N treatment levels. The experiment was completely randomized with 12 total treatment levels, each having four replications with ten plants per replication. The S levels consisted of 5, 45, and 125 mg·L -1 SO 4 2-, that were achieved by the addition of 12.9, 115.8, and 321.3 mg·L -1 MgSO 4 ·7H 2 O, respectively. The levels of SO 4 2-were so chosen because previous research has shown that onion fl avor is most responsive to SO 4 2-over a similar range (Freeman and Mossadeghi, 1970; Randle et al., 1995) . Magnesium concentrations were balanced through the addition of 253.5 and 168.4 mg·L -1 MgCl 2 ·6H 2 O to the 5 and 45 mg·L -1 SO 4 2-treatments, respectively. Chloride concentrations were not balanced, and ranged between 132 and 219 mg·L -1 in this study, which are well within concentrations used in previous studies (Randle and Bussard, 1993; Randle et al., 1995) . The N treatment levels consisted of 10, 50, 90, and 130 mg·L -1 N, which were achieved through the addition of 28.5, 142.7, 256.5, and 371 mg·L -1 NH 4 NO 3 , respectively. The N levels used were based on previous research indicating that onion fl avor responded to a wide range of N concentrations (Coolong, 2003 O. Nutrient solutions were brought to volume daily with deionized water and were completely replaced every two weeks. The average pH of initial solutions were 7.3, which fell to 6.3 over the 2-week period. Electrical conductivity (EC) of the nutrient solutions was measured at the beginning and end of each 2-week period Fisher Scientifi c, Pittsburgh, Pa.) . Average EC of the initial solutions ranged from ≈1100 to 1800 µS·cm 3 and fell to between 1000 to 1600 µS·cm -3 early in the experiment. Average EC measured near the end of the experiment fell to between 600 to 1200 µS·cm -3 over the 2-week period. Solution aeration was provided with a single 14.4 cm aquarium airstone per tub. Foliage was supported at a height of ≈25 cm above the tub lid with welded wire mesh.
Plants were greenhouse grown to maturity at day/night set points of 25/18 o C under natural photoperiods and light intensities. Plants were considered mature when at least 50% of the plants in a given treatment had soft pseudostems. Plants were harvested between 15 and 23 June 2002. Plants receiving low S or N treatments matured fi rst, while those receiving high S or N matured last. At harvest, roots and foliage were removed and average bulb fresh weights were obtained. Bulbs were then placed in mesh bags and cured at ambient greenhouse temperatures for 1 week. The eight most uniform bulbs were selected from each replication for analysis.
Analyses were performed on the combined tissue from each eight-bulb replication. Tissue for the analyses was obtained by cutting three 5-mm-thick longitudinal wedges from each bulb. One wedge group was used to measure total S , while the second wedge group was used to measure the intact ACSOs and γGPs. A third wedge group was used to measure fl avor precursors in the onion macerate.
TOTAL BULBS. Bulb tissue was dried at 65 o C in a forced air oven (Linberg Blue, Asheville, N.C.) for 5 d. Dried tissue was then ground through a 0.5 mm screen with a Cyclotec Mill (model 1093; Tector, Hoganas, Sweden). Total bulb S was determined using 0.25 g of tissue on a Leco 232 S determinator (Leco Corp., St. Joseph, Minn.). Samples received 0.1 g of vanadium pentoxide accelerant before analysis (Leco Corp.). Total bulb S was determined by averaging the results from three subsamples from each treatment level and replication. Calibration and S quantifi cation were done using certifi ed standard reference materials (Rice Flour; Leco Corp.).
ACSOS AND THEIR PEPTIDE INTERMEDIATES. The ACSO and γGP contents from intact bulb tissue were determined according to Randle (2000) . The tissue wedges from each eight bulb replication were weighed and the ACSOs and γGPs were extracted twice (using 5 mL·g -1 fresh weight) in 12 methanol (MEOH): 3 water and once in 12 ethanol (ETOH): 3 water over a 3 d period. Extracts were then combined into one solution from which 15 mL was analyzed. Gamma-L-glutamyl-L-glutamic acid (Sigma, St. Louis, Mo.) and (±)-S-1-butyl-L-cysteine sulfoxide, synthesized according to the method of Lancaster and Kelly (1983) and Armstrong and Lewis (1951) , were used as internal standards in concentrations of 0.2 and 1.0 mg·g -1 FW, respectively. Standards were added to 15 mL of the extract solutions, which were then dried using forced air (Evap-o-Rac; Cole Parmer, Vernon Hills, Ill.). The ACSOs measured were: S-methyl-L-cysteine sulfoxide (MCSO), trans-S-1-propenyl-L-cysteine sulfoxide (1-PRENCSO), and Spropyl-L-cysteine sulfoxide (PCSO). The two γGPs measured were 2-carboxypropyl glutathione (2-Carb) and gamma-glutamyl propenyl cysteine sulfoxide (γGPECSO).
ACSOs remaining in the onion macerate were extracted using the method of Lancaster et al. (1998) . After an incubation period of 10 min at room temperature (25 o C), a 0.5-mL aliquot of onion juice macerate was placed in a 20 mL scintillation vial to which 10 mL of 12 MEOH : 3 water was added. Internal standards were added as described above and the entire solution was dried using forced air.
The dried ACSO samples were redissolved in 1 mL of 18 MΩ water. A 0.75 mL aliquot of each solution was then subjected to ion exchange chromatography using a 10 × 40 mm column (BioRad, Hercules, Calif.) with 3 mL of Dowex 1 × 8 resin (200 to 400 mesh; Bio-Rad). The ACSOs were separated from the γGPs using four successive concentrations of glacial acetic acid (0.1, 0.2, 2 and 5 M). The ACSOs and γGPs were contained in the 0.1 and 2 M fractions while the 0.2 and 5 M fractions were discarded. The collected fractions were dried under forced air.
Dried sample fractions were redissolved in 1.0 mL of 18 MΩ water, from which 100 µL was pipetted into a 1.5-mL microcentrifuge vial and dried in vacuo using a Labconco Centrivap Concentrator (Labconco, Kansas City, Mo.). Upon dryness, 250 µL of 1 ETOH: 1 Triethylamine (TEA): 1 HPLC water was added to each vial and dried again. Samples were then derivitized by adding 7 ETOH: 1 TEA: 1 phenylisothiocyante : 1 18 MΩ water. Vials were immediately fl ushed with nitrogen gas, capped, and stored at room temperature for 18 min. Vials were then uncapped and dried. Dry samples were redissolved in 1 mL of 7 water : 2 acetonitrile and transferred to 2.0-mL borosilicate vials for HPLC analysis.
Samples were analyzed on a Waters 2690 Separations Module (Waters Corp.) equipped with an autosamper and coupled to a Waters 996 photodiode array detector (Waters Corp.). Fifty microliters of sample were injected into a 250 × 4.6 mm, 5 µm column (Spheri-5 RP-18; Applied Biosystems, Foster City, Calif.) mated to a 15 × 3.2 mm, 7 µm guard column (RP-18 Newgard; Applied Biosystems) for separation. Column temperature was maintained at 30 o C. Eluents were A) aqueous acetonitrile (60%), B) 0.14 M sodium acetate with 0.05% TEA buffered to a pH of 6.35 using glacial acetic acid. All eluents were fi ltered through 0.45 µm nylon fi lters (Millipore, Molsheim, France). The fl ow rate was set at 1.0 mL·min -1 for the duration of the run. A gradient run was programmed as follows: 15% A for 1.1 min, 15% to 45% over the next 21.1 min, then 45% to 100% A over the next one min, and then hold at 100% A for the next 14 min. The gradient was returned to the initial 15% A : 85% B over the next 1.0 min., and the column was conditioned at that setting for the next 12.9 min until the next sample was injected.
Compounds were detected on a photodiode array detector set at 254 nm. Data were collected and peaks integrated using Millenium Chromatography Software (Version 3.05; Waters corp.). Peaks were assigned by comparing retention times of authentic standards prepared as described in Lancaster and Kelly (1983) and Randle et al. (1995) STATISTICAL ANALYSIS. Data were subjected to the GLM procedure and linear and polynomial regression analyses when appropriate, using SAS statistical software. (Version 8.2, SAS institute, Cary, N.C.). Percentage data were tested for normality, and arcsin transformations were performed. Contrasts among the treatments were done using Scheffeʼs method of multiple comparisons.
Results and Discussion
PLANT GROWTH RESPONSE. Early in the experiment, no growth differences were observed among various treatments. As onions entered their tenth week of growth, visible differences were observed between the low-N treatment and all others, regardless of S level. Plants grown with 10 mg·L -1 N, had fewer leaves and exhibited yellowing. At that time S did not visibly appear to be infl uencing growth. Near the end of the experiment (≈15 weeks) we observed that plants exposed to low-N levels (10 mg·L -1 N) matured early and had uniformly small bulbs, regardless of S level. At this time, plants exposed to low-S (5 mg·L -1 SO 4 2-) had visibly smaller bulbs across N levels.
BULB FRESH WEIGHT. Bulb FW was infl uenced by S (P < 0.001, F = 25.1) and N (P < 0.001, F = 35.0) availability in the solution (Table 1) . Additionally, S and N fertility interacted to infl uence bulb FW (P < 0.001, F = 5.1) Average bulb FW varied from 96 to 206 g/bulb (Fig. 1A) and responded quadratically to changes in S and N availability (Table 2) . Not surprisingly, plants grown at the lowest levels of S and N produced bulbs of the smallest FWs; although when plants were grown in 10 mg·L -1 N, bulb FWs were depressed, regardless of S levels Similarly, Freeman and Mossadeghi (1970) reported that low S fertility in a sand culture system could negatively infl uence bulb FW. Randle (2000) reported that bulb FW decreased with increasing N availability in solution culture; however, in that study, plants were grown at very high levels of N, and it was suspected that high N levels produced excessive foliage at the expense of bulb yield.
TOTAL BULBS. Both S and N levels in the nutrient solution interacted to affect total bulb S (P < 0.001, F = 28.4) (Fig 1B) . Individually, S (P < 0.001, F = 285.8) and N (P < 0.001, F = 29.4) levels signifi cantly infl uenced total bulb S (Table 1) . Average total bulb S ranged from 0.14% to 0.47% dry-weight (Fig. 1B) . Randle et al. (1999) also reported a 3-fold increase in total bulb S in response to increasing S fertility; whereas, minimal changes in total bulb S were observed in onions grown over several high N levels (Randle, 2000) . Similarly, while plants grown at the lowest S or N levels had uniformly low levels of total bulb S (0.14% to 0.20%), bulb S rose linearly with S concentrations in the solution, while the response of bulb S to N levels above 10 mg·L -1 was more variable. Our data suggest that low-N fertility depressed bulb total S accumulation much in the way that low-S fertility did (Randle et al., 1995) , hence the signifi cant interaction. Bulb FW was closely correlated to total S (r = 0.72), and bulbs grown at low-S or low-N were unusually small; therefore, it is likely that the lowest S and N levels limited plant metabolism, thus decreasing the need for excess S which is often sequestered in the fl avor biosynthetic pathway.
INTACT FLAVOR PRECURSORS AND γGP INTER-MEDIATES. Total ACSOs are simply the sum of the three individual ACSOs measured, and are useful in describing the net effect of treatments on the fl avor pathway in onions. Though N and S levels interacted to infl uence individual ACSOs, only N fertility signifi cantly infl uenced total ACSO accumulation (P < 0.001, F = 50.3) (Fig 2A) . Levels of total ACSOs in the bulb ranged from 1.07 to 2.81 mg·g -1 FW, responding quadratically to N levels (Table 2) , increasing sharply between 10 and 50 mg·L -1 N and then leveling off (Table 3) . Single degree of freedom contrasts between N levels indicated that plants grown at 10 mg·L -1 N, had signifi cantly lower (P < 0.05) levels of total ACSOs in the bulb than all other N levels. Total ACSOs did not differ in bulbs grown at 50, 90 and 130 mg·L -1 N.
Both S (P < 0.001, F= 13.9) and N (P < 0.001, F = 52.8) fertility individually infl uenced the accumulation of MCSO in the bulb; however, they did not interact to affect MCSO concentrations (Table 3) . Bulb MCSO content ranged from 0.57 to 1.91 mg·L -1 FW, and generally increased with rising N levels, but fell Table 2 . The regression responses for the effect of sulfate and nitrogen availability on the average bulb fresh weight (FW), total bulb sulfur (TS), total z Signifi cance at P < 0.001.
S-alk(en)yl-L-cysteine-sulfoxides (ACSO), S-methyl-L-cysteine sulfoxide (MCSO), trans-S-1-propenyl-L-cysteine sulfoxide (1-PRENCSO), S-propyl-L-cysteine

Fig. 2. The effects of solution sulfate (SO 4 2-) and nitrogen (N) availability on the levels of total S-alk(en)yl-Lcysteine-sulfoxides (ACSO) (A), S-methyl-L-cysteine sulfoxide (MCSO) (B), trans-S-1-propenyl-L-cysteine sulfoxide (1-PRENCSO) (C), S-propyl-L-cysteine
sulfoxide (PCSO) (D), 2 carboxypropyl glutathione (2-Carb) (E), and gammaglutamyl-1-propenyl cysteine sulfoxide (γGPECSO) (F) in hydroponically grown 'Granex 33ʼ onions. with increasing S (Fig 2B) . Similar responses of bulb MCSO concentrations to S or N fertility have been previously reported (Randle, 2000; Randle et al., 1995) . Although S was shown to signifi cantly affect MCSO concentrations according to the GLM procedure, it did not contribute signifi cantly to the regression response, which when fi tted, showed only a quadratic response to N concentration in the solution (Table 2) . Consequently, MCSO concentrations increased nearly 250% across N treatment levels, while similarly spaced changes in SO 4 2-availability resulted in smaller, 12% to 65%, changes in MCSO (Fig. 2B) . Our data suggests that N, and not S availability, had the greatest impact on bulb MCSO concentrations. We have not measured the possible changes in the peptides leading to the synthesis of MCSO, as many of the intermediates in the MCSO pathway have not been routinely identifi ed in vivo.
Solution S levels signifi cantly infl uenced bulb 1-PRENCSO concentrations (P < 0.001, F = 215.8), but the main effects of solution N were insignifi cant (Table 3) . Furthermore, S and N interacted to signifi cantly infl uence 1-PRENCSO concentrations in the bulb (P < 0.001, F = 17.55). For those plants grown at either 50, 90 or 130 mg·L -1 N, concentrations of 1-PRENCSO increased ≈7-fold as SO 4 2-levels in the solutions rose from 5 to 45 mg·L -1 (Fig. 2C) . Levels of 1-PRENCSO were unaffected between 45 and 125 mg·L -1 SO 4 2-, regardless of N level (Fig.  2C) . Interestingly, S levels in the solution did little to change 1-PRENCSO concentrations in bulbs when plants were grown at 
) and nitrogen (N) availability levels in solution on marginal means and standard errors for total S-alk(en)yl-L-cysteine-sulfoxides (ACSO), S-methyl-L-cysteine sulfoxide (MCSO), trans-S-1-propenyl-L-cysteine sulfoxide (1-PRENCSO), S-propyl-
) and nitrogen (N) levels on the marginal means and standard errors for intact total S-alk(en)yl-L-cysteinesulfoxides (ACSO), S-methyl-L-cysteine sulfoxide (MCSO), trans-S-1-propenyl-L-cysteine sulfoxide (1-PRENCSO), S-propyl-L-cysteine
sulfoxide (PCSO), hydrolyzed by alliinase in the onion macerate. The percentage of the total intact precursor, which was hydrolyzed by alliinase is listed in parenthesis to the right of each precursor.
Chemical ( 10 mg·L -1 N. This suggests that while S and N levels do interact to infl uence 1-PRENCSO in the bulb, the S level in a solution has a much greater effect on 1-PRENCSO than does N level. Randle et al. (1995) similarly reported large changes in 1-PRENCSO concentrations in response to S fertility levels with suffi cient N, but noted much smaller changes in 1-PRENCSO in response to N fertility with suffi cient S levels (Randle, 2000) .
Both S (P < 0.012, F = 5.2) and N (P < 0.001, F = 16.4) fertility levels infl uenced bulb PCSO concentrations (Table 3) . Additionally, there was a signifi cant interaction between S and N fertility, affecting bulb concentrations of PCSO (P < 0.03, F = 2.7). Generally, PCSO levels in the bulb increased as the availability of N increased but fell as S fertility increased (Fig.  2D) . Bulb concentrations of PCSO are typically much lower than either MCSO or 1-PRENCSO (Kopsell et al., 2001; Kopsell and Randle, 1999; Randle, 2000) . However, in this experiment, PCSO concentrations were higher than those of 1-PRENCSO for bulbs grown at 5 mg·L -1 SO 4 2-and either 50, 90, or 130 mg·L -1 N ( Table  3) . Randle et al. (1995) reported similar results in plants grown with 0.10 meq·L -1 S fertility.
The pathway leading to the synthesis of PCSO in onion is similar to that of 1-PRENCSO as they share several intermediates. Therefore, it is noteworthy that the synthesis of one of these precursors is favored over the other under conditions of low-S and adequate-N availability in the nutrient solutions. Because the ratio of PCSO to 1-PRENCSO changes with S and N fertility, it seems probable that a point of regulation in the synthesis of PCSO versus 1-PRENCSO occurs when γglutamyl-S-1-propenyl cysteine, which is reported to be the last common intermediate, diverges to form either PCSO or 1-PRENCSO. A detailed review of the synthesis and chemistry of the ACSOs can be found in Randle and Lancaster (2002) or Block (1992) .
Apart from the implications for onion fl avor quality, the response of the individual fl avor precursors to S and N availability provided some insight into the metabolic regulation of the entire ACSO pathway. Our data suggest that the pathway leading to the synthesis of MCSO is regulated primarily by N availability, whereas the synthesis of 1-PRENCSO is regulated to a greater extent by S availability. Previous research further supports our fi ndings (Randle 2000; Randle et al., 1995) . It is an interesting question as to why the individual ACSOs are infl uenced differently by either S or N nutrition. It is also unclear the advantage conferred to the plant when a particular ACSO is preferred in these different situations.
Two peptide intermediates, 2-Carb and γGPECSO, were measured in response to S and N nutrition. Concentrations of 2-Carb were infl uenced by S (P < 0.001, F = 31.1) and N (P < 0.001, F = 36.1) availability in the solution (Table 3) . Additionally, both nutrients interacted to infl uence levels of 2-Carb in the bulb (P < 0.002, F = 3.5), which tended to increase as both S and N concentrations rose (Fig. 2E) . Concentrations of 2-Carb in the bulb ranged from 0.43 to 0.97 mg·g -1 FW and were highly correlated to total bulb S (r = 0.85). This would be expected as 2-Carb has been hypothesized to be a storage reservoir for N and S in the bulb (Lancaster and Shaw, 1991) . Interestingly, 2-Carb is an intermediate in the production of both 1-PRENCSO and PCSO; however, correlations between 2-Carb and 1-PRENCSO (r = 0.61) or 2-Carb and PCSO (r = 0.41) were poor.
Bulb γGPECSO levels responded signifi cantly to S (P < 0.001, F = 49.2) and N (P < 0.001, F = 23.9) fertility. Similar to 2-Carb, S and N fertility levels interacted to infl uence levels of γGPECSO in the bulb (P < 0.001, F = 6.1). Generally, γGPECSO concentrations increased with N and S fertility, in much the way as the levels of 2-Carb. However, roughly a ten-fold difference was observed between the lowest and highest levels of γGPECSO in the bulb, whereas 2-Carb concentrations doubled (Fig. 2F) . Additionally, concentrations of γGPECSO and 1-PRENCSO were highly correlated (r = 0.73), which was expected, as γGPECSO is the penultimate peptide in the synthesis of 1-PRENCSO. Previously it has been reported that γGPECSO, like 2-Carb, functions as a storage reservoir for S and N in the bulb (Lancaster and Shaw, 1991) . Levels of γGPECSO remained high in the bulb, even when concentrations of 1-PRENCSO were relatively high and accumulated in large amounts, which supports the claim that γGPECSO functions as S and N reserve in the bulb. Additionally, Kopsell et al. (2002) reported that γGPECSO likely contributes to production of the lachrymatory factor in onions, and thus changes in γGPECSO content may affect fl avor attributes of the bulb.
Because neither 2-Carb nor γGPECSO is thought to be involved in the production of MCSO, it therefore could be reasoned that increases in MCSO would lead to a corresponding decrease in either peptide, because a limited amount of S is partitioned into the production of MCSO instead of 1-PRENCSO or PCSO. However, correlations between MCSO and either 2-Carb (r = 0.41) or γGPECSO (r = 0.22) were poor, and do not support this assumption.
ACSOS IN THE ONION MACERATE. When onion cells are disrupted and vacuoles lysed, the enzyme alliinase is released and individual ACSOs are hydrolyzed to form several sulfenic acids and thiosulfi nates. Each ACSO contributes to thiosulfi nates that lend unique fl avor characteristics upon degradation. Upon hydrolysis, MCSO tends to impart a cabbage-like and fresh onion fl avor sensation, whereas the hot burning sensations commonly associated with cooking onions can be attributed to the hydrolysis of 1-PRENCSO. PCSO has been reported to confer fresh onion and chive-like fl avor sensations upon hydrolysis by alliinase (Randle et al., 1994) . Because it is diffi cult to quantify the thiosulfi nates and lachrymatory factor, we have chosen to measure the ACSOs remaining in the onion macerate to gain a better understanding of how the individual ACSOs contribute to the fl avor of onions (Kopsell et al., 2002; Randle et al., 1994) . If the level of ACSOs remaining in the macerate is subtracted from levels of intact ACSOs we can also determine the extent of alliinase activity.
Levels of total ACSOs hydrolyzed were affected by S (P < 0.004, F = 6.6) and N (P < 0.001, F = 16.3) fertility levels (Table  4) . A signifi cant interaction was not detected. Levels of degraded ACSOs ranged from 0.41 to 1.69 mg·g -1 FW. Not surprisingly, the general response to N concentrations was for levels of hydrolyzed ACSOs to increase as N solution levels increased, similar to the overall trend for intact ACSO accumulation. The effects of S availability on levels of degraded ACSOs were slightly different, as the highest levels of hydrolyzed ACSOs occurred in the macerate from bulbs grown at 45 mg·L -1 SO 4 2-. The relative percentage of intact ACSOs hydrolyzed varied from 41% to 62%; however, large variations in the hydrolysis of ACSOs likely led to a nonsignifi cant response to either S or N fertility here (Table 4) .
Average levels of hydrolyzed MCSO ranged from 0.70 to 0.84 mg·g -1 FW, and were signifi cantly infl uenced by N levels in the hydroponics solution (P < 0.001 F = 10.1) ( Table 4) . Hydrolyzed MCSO was not signifi cantly infl uenced by S levels or by an S and N interaction. Lancaster et al. (1998) , however, did show a signifi cant response of MCSO hydrolysis to S fertility. Generally, those bulbs grown at the lowest level of N had the least amount of MCSO degraded, which was expected, as those bulbs had the least amount of total intact MCSO. The percentage of MCSO hydrolyzed ranged from 37% to 50%, but again, due to high variability in the hydrolysis of MCSO in the macerate, the effects of either S or N on MCSO hydrolysis were not signifi cant.
Average levels of 1-PRENCSO hydrolyzed by alliinase ranged from 0.12 to 0.60 mg·g -1 FW (Table 4) . In this case, S and N availability signifi cantly interacted (P < 0.001, F = 6.4) to infl uence the level of 1-PRENCSO hydrolyzed in the macerate. In addition, as a main effect, S availability had a signifi cant infl uence (P < 0.001, F = 105.5) on levels of 1-PRENCSO hydrolyzed, as was the case with the accumulation of intact 1-PRENCSO (Table  4) . Lancaster et al. (1998) reported near complete hydrolysis of 1-PRENCSO in the onion macerate. Similarly, we observed levels of 1-PRENCSO hydrolysis near 100% for bulbs grown in all treatment combinations other than 10 mg·L -1 N. However, the hydrolysis of 1-PRENCSO in the macerate of bulbs grown in the lowest N levels was signifi cantly lower (P < 0.01, F = 4.26) ranging from 58% to 82% suggesting that alliinase activity is affected by low N fertility (Fig 3) .
Levels of PCSO hydrolyzed in the macerate were infl uenced by S (P < 0.01, F = 5.6) and N (P < 0.001, F = 10.0) availability in the nutrient solution; however, a signifi cant interaction was not present. Hydrolyzed PCSO ranged from 0.05 to 0.14 mg·g -1 FW, with the overall trend being to increase hydrolysis as N fertility increased and as S fertility decreased (Table 4) , much like the accumulation of intact PCSO in the bulb. The relative percentage of PCSO hydrolyzed averaged 60% and was not signifi cantly infl uenced by either S or N levels. The percentage degraded here was slightly higher than those previously reported by Lancaster et al. (1998) .
Previous investigations into alliinase activity in vitro have shown that 1-PRENCSO is preferentially hydrolyzed over both MCSO and PCSO (Nock and Mazelis, 1987; Schwimmer, 1969) . Additionally, Lancaster et al. (1998) reported that alliinase acts differently on each of the individual ACSOs in vivo. In general, 1-PRENCSO was more completely hydrolyzed than was either MCSO or PCSO. Therefore, 1-PRENCSO would tend to contribute more to the actual fl avor of an onion than would the other two ACSOs on a FW basis. Our data concur with these fi ndings, as the percentage of 1-PRENCSO hydrolyzed in the macerate was higher than MCSO and PCSO at all treatment levels except one. However, unlike the other ACSOs, the level of 1-PRENCSO hydrolysis, was infl uenced by low N fertility (Fig 3) . This suggests that low-N (10 mg·L -1 ) availability decreased the activity levels of alliinase for 1-PRENCSO, which could be explained by the existence of alliinase isozymes (Lancaster et al., 2000; Nock and Mazelis, 1987) . Therefore, fl avor was infl uenced by S or N fertility in two ways. One, by changing total levels of intact ACSOs in the bulb, and two, the activity of alliinase may be altered via fertility changes.
Our purpose was to document how S and N availability interacted to infl uence the biosynthetic fl avor pathway in onion. Low SO 4 2-or N fertility levels similarly reduced levels of ACSOs and γGPs in the bulb, with the exception of MCSO. At the lowest levels, bulb FW was signifi cantly reduced compared to the other treatments. Furthermore, N level had a greater effect on the synthesis of MCSO. Conversely, SO 4 2-levels had a greater infl uence on the synthesis of 1-PRENCSO. Our data also suggest that the largest changes in concentrations of the ACSOs and γGPs in the bulb occurs in plants grown at the lowest levels of SO 4 2-and N. Only minor differences appear in bulbs from plants grown at the higher levels of SO 4 2-and N. Thus, the effect of each nutrient on the fl avor pathway diminishes as each becomes present in adequate or luxuriant levels. Additionally, because each ACSO will impart different fl avor sensations, varying S and N levels may have implications for fl avor quality in the bulb.
